Introduction {#S0001}
============

Colorectal cancer (CRC) has become one of the most common malignancies in the world. Approximately 85% of CRCs are thought to arise from adenomas.[@CIT0001] Sequencing studies have illustrated that somatic mutations in driver genes play a key role in the adenoma-to-carcinoma progression of CRC through the chromosomal instability and microsatellite instability pathways. Most CRC cases are diagnosed at a late stage. Researchers have recently begun to focus on investigating noninvasive biomarkers of molecular alterations to promote screening and detection in the early stages of CRC.

In 1948, plasma circulating cell-free DNA (cfDNA, non-cell-bound nucleic acid) was observed in the blood circulation of a person with cancer for the first time.[@CIT0002] It has been demonstrated that plasma cfDNA can serve as a biomarker for screening for diagnosis, predicting the treatment response, monitoring the tumor burden and making an early diagnosis of relapse.[@CIT0003]--[@CIT0005]

The plasma DNA changes that occur during progression from the polyp and adenoma stages to the carcinoma stage remain poorly understood. In this study, we explored plasma DNA mutations that occur with CRC progression and evaluated the clinical value of plasma cfDNA in the diagnosis of CRC. In addition, we aimed to illustrate the different mutation profiles of left-sided and right-sided colon and rectal carcinoma.

Patients and Methods {#S0002}
====================

Subjects and Sample Collection {#S0002-S2001}
------------------------------

All subjects were patients at Tianjin Union Medical Center, the Affiliated Hospital of Nankai University, between March 2016 and January 2017. This patient series included 9 cases of colon polyps, 18 cases of colon adenoma, 26 cases of colon cancer, and 24 cases of rectal cancer.

Plasma Cell-Free DNA Extraction {#S0002-S2002}
-------------------------------

Blood samples were collected in cfDNA BCT tubes containing a formaldehyde-free preservative reagent that could stabilize nucleated blood cells.[@CIT0006],[@CIT0007] Plasma was separated by centrifugation (1600 xg for 10 min) and then transferred to 1.5 mL Eppendorf tubes (Axygen, NY, USA) for further centrifugation at 16,000 xg for 10 min at 4°C. Plasma cfDNA was isolated from 1--2 mL plasma with the Mag MAX^TM^ cell-free DNA isolation kit (Life Technologies, CA, USA). DNA was extracted from white blood cells with the TIANamp blood DNA kit (TIANGEN, Beijing, China). Tumor DNA was extracted from formalin-fixed, paraffin-embedded (FFPE) specimens with the blackPREP FFPE DNA kit (Analytik Jena, Jena, Germany). The concentration of DNA was quantified by the Qubit DNA dsDNA assay kit (Life Technologies, CA, USA).

Library Preparation {#S0002-S2003}
-------------------

For cfDNA samples, 10--50 ng DNA was used for library construction. For the blood cell and FFPE DNA samples, 200--500 ng DNA was sheared into 200-bp fragments with a Covaris M220 ultrasonicator (Covaris, MA, USA) according to the recommended protocol. Libraries were prepared with a KAPA Hyper Preparation kit (Kapa Biosystems, MA, USA). According to the DNA quality prior to PCR, the ligated fragments were amplified for 6--11 cycles. DNA was purified by using Agencourt AMPure XP beads (Beckman-Coulter, CA, USA), and double size selection was conducted during library preparation. The Qubit DNA dsDNA assay kit (Life Technologies, CA, USA) was used to quantify the libraries, and a 2100 bioanalyzer with the DNA 1000 kit (Agilent, CA, USA) was used to determine fragment length.

Targeted Region Capture and Sequencing {#S0002-S2004}
--------------------------------------

NimbleGen SeqCap Hybridization and Wash kits (Roche NimbleGen, Switzerland) were used according to the technical note for targeted region selection. The hybridized probes can capture 1 µg library DNA from 8--12 indexed Illumina libraries. The probe library was designed using the Nimble Design portal (Version 02) and the genome build kit hg19 NCBI Build 37.1/GRCh37. The captured DNA fragments were divided into two 50-µL reactions (14 PCR cycles). Agencourt AMPure XP beads (Beckman-Coulter, CA, USA) were used to pool and purify these reactions. The Qubit DNA dsDNA assay kit (Life Technologies, CA, USA) was used to quantify the libraries, and then, the captured product was sequenced by using 150-bp paired-end runs on an Illumina HiSeq X10. A 2100 bioanalyzer with the DNA 1000 kit (Agilent, CA, USA) was used to determine fragment length.

Bioinformatic Pipeline {#S0002-S2005}
----------------------

Paired-end sequencing was performed by Illumina HiSeq X-Ten. The hg19 reference genome was used for read mapping with BWA 0.7.12 (default parameters). The resulting alignments were sorted, filtered and indexed using SAMtools. To distinguish somatic SNPs from indels, the obtained BAM files from both blood cell and plasma samples for each patient were processed for pairwise variant calling using VarScan (v2.4.2) according to the following rules: i) For calling somatic variants, the minimum coverage was 6 in plasma samples and 8 in blood cell samples; the P-value threshold to call a somatic site was 0.05. ii) Variants with ≤ 90% strand bias were retained for further study.[@CIT0007] The refGene and Exome Aggregation Consortium (ExAC) databases are included in ANNOVAR packages, which were used for variant annotation to obtain population and gene region information. Patient blood cell samples were used to construct a copy number baseline that was used as a negative control. CNVkit was used to call copy number variations (CNVs) in the plasma samples from each patient.

We used the VarScan (v2.4.2) somatic module to identify somatic mutations for all patients.[@CIT0008] For each patient, the pairwise variant calling procedure was used with blood cell samples as the normal control to eliminate germline mutations in the corresponding plasma samples. We used the ANNOVAR software tool to annotate the identified candidate mutations.[@CIT0009] The ExAC and dbNSFP databases were used to filter out population polymorphic sites and benign mutations with pp2_hdiv score ≤ 0.452. Finally, nonsynonymous mutations in exons were retained. The mutation burden of each patient was defined as the average mutant allele frequency of each gene for which a somatic mutation was identified.

By using the targeted sequencing reads and nonspecifically captured off-target reads, the software package CNVkit can help reduce bias related to library preparation and to target capture efficiency in targeted sequencing and improve the detection resolution of somatic CNVs. Three main sources of bias, GC content, target footprint size and spacing, and repetitive sequences, which can introduce extraneous variability in sequencing read depth, were evaluated and corrected.

Statistical Analysis {#S0002-S2006}
--------------------

Data are presented as the mean ± standard error of the mean (SEM). Group values were analyzed for a normal distribution. Student's *t*-test was used to analyze normally distributed data. Nonparametric tests were used for data that were not normally distributed. *P* \< 0.05 was considered to indicate statistical significance. Statistical analysis was performed using standard statistical software (SPSS version 16.0, Inc., Chicago, IL, USA).

Results {#S0003}
=======

Molecular Alterations in Adenoma-to-Carcinoma Progression {#S0003-S2001}
---------------------------------------------------------

To investigate molecular alterations in adenoma-to-carcinoma progression, we collected tumor tissues and blood samples from 77 patients, including 9 with colon polyps, 18 with colon adenoma, 26 with colon cancer, and 24 with rectal cancer (clinical characteristics shown in [Table 1](#T0001){ref-type="table"}). Plasma cfDNA, white blood cell DNA, and tumor tissue DNA were sequenced by a cancer gene-targeted NGS panel. Significantly mutated genes were identified using the MutSig2CV algorithm (*P*\<0.05). As shown in [Figure 1](#F0001){ref-type="fig"}, genes involved in 9 driver signaling pathways were mutated during the progression from adenoma to carcinoma: the RAS, Wnt, Hippo, Nrf2, TGFβ, PI3K, Notch, P53, and cell cycle pathways. The KRAS, BRAF, APC, CTNNB1, FAT3, FAT4, SMAD4, FBXW7, and TP53 genes were frequently mutated in both colorectal adenoma and CRC. The ATM, PIK3CA, and PTEN genes were wild type in the colorectal adenoma group but were frequently mutated in the CRC group. These findings indicate that the KRAS, BRAF, APC, CTNNB1, FAT3, FAT4, SMAD4, FBXW7, and TP53 genes are mutated during CRC initiation and that the ATM, PIK3CA, and PTEN genes are mutated during CRC progression. Compared with adenomas and polyps, colon cancer and rectal cancer tissues harbored more copy number alterations. In CRC, the EGFR, FGFR1, BRAF, STK11, Notch1, and RB1 genes were detected as CNV gains, and the SMAD4 and CDKN2A genes were detected as CNV losses. In the tumor tissue samples, there were significantly more mutated genes in the CRC group than in the colon polyp and adenoma groups (*P*\<0.05) ([Figure 2A](#F0002){ref-type="fig"}), but no significant differences were found in the plasma samples ([Figure 2B](#F0002){ref-type="fig"}). Venn diagrams showed the common and different mutated genes in tissue DNA and plasma cfDNA from polyp, adenoma, colon cancer, and rectal cancer patients ([Figure 2C](#F0002){ref-type="fig"} and [D](#F0002){ref-type="fig"}).Table 1Clinical Characteristics and Association with cfDNA Concentrations of Patients with Colorectal CancerClinical CharacteristicsNcfDNA Concentrations (ng/mL)P value**Age**0.85 ≤6029466.9±86.72 \>6021337.1±29.93**Gender**0.45 Male33420.40±69.16 Female17396.90±77.41**Tumor Site** Left-sided colon11668.50±166.70P\<0.001 Right-sided colon15473.70±95.680.18 Rectum24256.70±25.150.05**Stage**0.78 I6336.00±19.49 II23433.10±95.77 III/IV21411.60±68.84**Primary Tumor (T)**0.21 T1-211314.50±29.7 T328509.70±87.93 T411262.70±34.11**Regional Lymph Nodes(N)**0.562 N029413.00±76.06 N1-221411.60±68.84**Distant Metastasis (M)**- M049412.2053.32 M11422.00 Figure 1Molecular profiles of tumor tissue DNA and cfDNA from patients with colorectal adenoma or CRC. Genes with significant mutation levels and mutation types in tumor tissue DNA (MutSig2CV algorithm, false discovery rate\<0.1). Significantly mutated genes were identified in tissue DNA from patients with colorectal adenoma and CRC using the MutSig2CV algorithm (P\<0.05) and ranked in order of decreasing mutation frequency.Figure 2Mutated genes in patients with colorectal adenoma or CRC. (**A**) Mutated genes in tissue DNA from patients with polyps, adenoma, colon cancer, or rectal cancer (\*P\<0.05). (**B**) Mutated genes in plasma cfDNA from patients with polyps, adenoma, colon cancer, or rectal cancer. (**C**) Venn diagrams showing the common and differentially mutated genes in tissue DNA from patients with polyps, adenoma, colon cancer, or rectal cancer. (**D**) Venn diagrams showing the common and differentially mutated genes in plasma cfDNA from patients with polyps, adenoma, colon cancer, or rectal cancer.

The Diagnostic Power of a Combination Model Based on Plasma cfDNA TMB and CEA {#S0003-S2002}
-----------------------------------------------------------------------------

cfDNA concentrations were significantly higher in the colon carcinoma group than in the colon polyp and adenoma groups (*P*\<0.05) ([Figure 3A](#F0003){ref-type="fig"}). As shown in [[Figure S1](https://www.dovepress.com/get_supplementary_file.php?f=244520.pdf)]{.ul}, the cfDNA in the colon carcinoma group was shorter than that in the colon polyp group (*P*\<0.05). The tumor mutational burden (TMB) in tumor tissue DNA was positively correlated with that in cfDNA (r=0.618, *P*\<0.01) ([Figure 3B](#F0003){ref-type="fig"}). Compared with the burden in adenomas and polyps, the somatic mutation burden in CRCs was higher ([Figure 3C](#F0003){ref-type="fig"} and [D](#F0003){ref-type="fig"}). The combination of CEA, plasma cfDNA concentration, and cfDNA TMB yielded an area under the receiver operating characteristic curve (AUC) of 0.80 for the diagnosis of CRC, with 63.2% specificity and 80.0% sensitivity. CEA had an AUC of 0.75, with 80.0% sensitivity and 53.2% specificity ([Figure 3E](#F0003){ref-type="fig"} and [F](#F0003){ref-type="fig"}). The diagnostic power of the combination model was superior to that of CEA alone.Figure 3The mutation burden in tumor tissue DNA and cfDNA from patients with colorectal adenoma or CRC. \*P ≤0.05, \*\*P ≤0.01, ns: P \>0.05. (**A**) The cfDNA concentration was significantly higher in the colon carcinoma group than in the colon polyp and adenoma groups (P\<0.05). Data are presented as the mean±SEM. (**B**) Correlation analysis of the TMB between tumor tissue DNA and cfDNA in matched CRC samples (r=0.618, P\<0.01). (**C**) TMB of tissue DNA from patients with polyps, adenoma, colon cancer, or rectal cancer. (**D**) TMB of plasma cfDNA from patients with polyps, adenoma, colon cancer, or rectal cancer. (**E**) Receiver operating characteristic (ROC) curve of the combined parameters (CEA, plasma cfDNA concentration, and cfDNA TMB) (AUC=0.80, P\<0.01). (**F**) ROC curve of CEA (AUC=0.75, P\<0.01).

Differences in Molecular Alterations Among Left-Sided Colon, Right-Sided Colon and Rectal Cancers {#S0003-S2003}
-------------------------------------------------------------------------------------------------

As shown in [Figure 4](#F0004){ref-type="fig"}, the distribution of somatic DNA alterations differed among the left-sided, right-sided, and rectal cancer groups. Venn diagrams showed the common and different mutated genes in tissue DNA among the left-sided colon cancer, right-sided colon cancer, and rectal cancer groups ([Figure 5A](#F0005){ref-type="fig"}). Compared with left-sided colon cancer tissue, right-sided colon cancer tissue contained somatic mutations in more genes ([Figure 5B](#F0005){ref-type="fig"}). In addition, the tissue TMB value was significantly higher in the right-sided colon cancer group than in the left-sided colon and rectal cancer groups (*P*\<0.05) ([Figure 5C](#F0005){ref-type="fig"}).The plasma cfDNA TMB were not significantly altered in the right-sided colon, the left-sided colon, and rectal cancer groups (*P*\>0.05) ([Figure 5D](#F0005){ref-type="fig"}).Figure 4Molecular profiles of the left-sided colon cancer, right-sided colon cancer, and rectal cancer groups. Significantly mutated genes were detected in tissue DNA from patients with left-sided colon cancer, right-sided colon cancer, or rectal cancer using the MutSig2CV algorithm (P\<0.05) and ranked in order of decreasing mutation frequency.Figure 5The mutation burden in the left-sided colon cancer, right-sided colon cancer, and rectal cancer groups. (**A**) Venn diagrams showing the common and differentially mutated genes in tissue DNA from the left-sided colon cancer, right-sided colon cancer, and rectal cancer groups. (**B**) Mutated genes in tissue DNA from patients with polyps, adenoma, colon cancer, or rectal cancer. (**C**) TMB of tissue DNA from the left-sided colon cancer, right-sided colon cancer, and rectal cancer groups. (**D**) TMB of plasma cfDNA from the left-sided colon cancer, right-sided colon cancer, and rectal cancer groups.

Discussion {#S0004}
==========

This study presents the plasma mutation profile during adenoma-to-carcinoma progression obtained with a cancer gene-targeted NGS panel. In addition, we identified genetic changes in the left-sided colon cancer, right-sided colon cancer, and rectal carcinoma groups.

The noninvasive biomarker circulating cfDNA has been used for the early diagnosis and monitoring of the TMB. Several studies have found that cfDNA levels are higher in cancer patients than in healthy people.[@CIT0010],[@CIT0011] We found that the cfDNA concentration was significantly higher in the colon carcinoma group than in the colon polyp and adenoma groups. In addition, the cfDNA concentration was positively correlated with tumor size in patients with colorectal carcinoma.

Circulating cfDNA originates from both tumor cell and normal cell DNA, which limits the ability to use circulating cfDNA to diagnose early cancer. The low abundance of tumor-derived cfDNA in early tumors may make detection difficult. Previous studies of plasma cfDNA from hepatocellular carcinoma patients showed that cfDNA from tumor cells might be shorter than that from nonmalignant cells.[@CIT0012] We also found that cfDNA from colon carcinoma was shorter than that from colon polyps. Furthermore, we identified differences between the tumor-derived DNA and nontumoral background DNA mutation profiles, mutation burdens and copy number alterations by comparing plasma DNA from polyp, adenoma, and carcinoma patients. Compared with the somatic mutation burden in the adenoma and polyp groups, that in the CRC group was increased. During adenoma-to-carcinoma progression, the mutated genes were involved in 9 driver signaling pathways: the RAS, Wnt, Hippo, Nrf2, TGFβ, PI3K, Notch, P53, and cell cycle pathways. Somatic mutations in cfDNA may provide information to distinguish benign from malignant tumors. We found that for the diagnosis of CRC, combining the parameters CEA, cfDNA concentration, and cfDNA TMB increased the specificity to 63.2% with 80.0% sensitivity.

The TMB was defined as the number of somatic mutations per megabase of genome examined. Clinical data indicate that immunotherapy has enhanced activity in patients with a high TMB.[@CIT0013] However, most TMB data are based on tumor tissue analyses. In this study, we found that the TMB in tumor tissue DNA was positively correlated with the TMB in cfDNA, suggesting that the plasma cfDNA TMB is a potential biomarker to monitor the real-time TMB in patients.

A meta-analysis reported that a left-sided primary tumor location was associated with a significantly reduced risk of death independent of stage, race, adjuvant chemotherapy, study year, number of participants, and quality of the included studies. Recent studies have indicated differences in molecular subtype and prognosis between left-sided and right-sided colon cancer groups.[@CIT0014] The Venn diagram showed that right-sided colon cancers had more gene mutations than left-sided colon cancers, and furthermore, patients with right-sided colon cancer had more mutated genes. In addition, right-sided colon cancers had greater heterogeneity than that left-sided colon cancers, which may explain the worse prognosis of patients with right-sided colon cancer. Interestingly, we found that tissue TMB was higher in right-sided colon cancer than in left-sided colon cancer. TMB as a good measure to assess the genomic instability and neoantigens is coming to be an emerging biomarker of sensitivity to immune checkpoint inhibitors and is effective in many different types of tumors.[@CIT0015]--[@CIT0017] The right-sided colon cancer which has a higher TMB may benefit from immune checkpoint inhibitor therapy.

Conclusion {#S0005}
==========

Our study results indicate that somatic mutations in plasma cfDNA are potential diagnostic biomarkers for CRC and provide alternative biomarkers for monitoring the TMB of CRC. Compared with left-sided colon cancer, right-sided colon cancer harbors somatic mutations in more genes and pathways. This increased heterogeneity may underlie the poor prognosis of patients with right-sided colon cancer.
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